Introduction
============

Sepsis, also known as systemic inflammatory response syndrome, arises as a result of an overwhelming immune response to infection, which is highly associated with tissue injury, multiple organ failure and even death ([@b1-ijmm-44-05-1707],[@b2-ijmm-44-05-1707]). In addition, sepsis is the most common cause of acute kidney injury (AKI) ([@b3-ijmm-44-05-1707]), which is a type of clinical syndrome characterized by a rapid decline in the glomerular filtration rate, resulting in retention of nitrogenous wastes, primary creatinine and blood urea nitrogen ([@b4-ijmm-44-05-1707]). The incidence of AKI increases with the severity of sepsis and AKI occurs in \~19% of patients with moderate sepsis, 23% with severe sepsis and 51% with septic shock ([@b5-ijmm-44-05-1707],[@b6-ijmm-44-05-1707]). Notably, the mortality rate for AKI patients in the setting of sepsis is approximately twice as high as that for sepsis alone ([@b7-ijmm-44-05-1707]). A previous study showed that pathogenesis of sepsis-induced AKI was distinct from AKI without sepsis and some studies demonstrated that sepsis-induced renal ischemia and acute tubular necrosis (ATN) were the primary pathophysiologies to AKI ([@b8-ijmm-44-05-1707],[@b9-ijmm-44-05-1707]). However, previous research involving postmortem observations in septic animals and humans showed that sepsis-induced AKI was characterized by obviously bland histology with focal areas of tubular damage, but rare diffuse renal tubular cell death, indicating that ATN could not completely explain this phenotype ([@b10-ijmm-44-05-1707],[@b11-ijmm-44-05-1707]). Meanwhile, three distinct alterations \[cellular bioenergetic responses to injury ([@b10-ijmm-44-05-1707]), diffused microcirculatory flow abnormalities ([@b12-ijmm-44-05-1707]) and inflammation ([@b13-ijmm-44-05-1707],[@b14-ijmm-44-05-1707])\] were consistently observed regardless of species, organ, disease stage or severity, indicating that these three alterations played vital roles in the progression and development of tubular injury and AKI. This study focused on the mechanism of the inflammatory response in the sepsis-associated AKI and aimed to improve the present status of treatment for AKI.

CD39, alternatively known as ecto-nucleotide triphosphate diphosphohydrolase-1, works as an inflammatory suppressor that could catalyze the conversion of extracellular adenosine triphosphate and diphosphate (ATP and ADP) into adenosine monophosphate and promote the generation of adenosine ([@b15-ijmm-44-05-1707]). It is known that the extracellular ATP triggers NLR family pyrin domain containing 3 (NLRP3) inflammasome activation, which could lead to the generation of a series of inflammatory cytokines, such as cleaved caspase-1, interleukin (IL)-1β, IL-18, IL-6 and tumor necrosis factor-α (TNF-α) ([@b16-ijmm-44-05-1707],[@b17-ijmm-44-05-1707]). Meanwhile, adenosine was reported to be anti-inflammatory, immunosuppressive and have protective effects in sepsis-associated organ injury ([@b18-ijmm-44-05-1707],[@b19-ijmm-44-05-1707]). Therefore, CD39 plays a suppressive role in the NLRP3 inflammasome activation and its mediated downstream pro-inflammatory cytokines. A study on sepsis-induced liver injury showed that CD39 limited sepsis-caused systemic inflammation and restored liver homeostasis by suppressing the activation of NLRP3 through scavenging eATP and generating adenosine ([@b20-ijmm-44-05-1707]). However, the functional effects of CD39 in sepsis-induced AKI are less studied, therefore the present study aimed to investigate whether CD39 effectively exerted its anti-inflammatory activity in sepsis-associated AKI.

Materials and methods
=====================

Animal model of AKI
-------------------

Adult male C57BL/6 mice (n=40, 6-8 weeks old, 22-26 g) were obtained from the Shanxi Dayi Hospital (Taiyuan, China). All mice were allowed to have free access to food and water and maintained in a specific pathogen-free animal facility under a 12-h light/dark cycle at a controlled temperature (20-24°C) and in a humid (50±5%) environment. Mice were randomly divided into 4 groups. In the control group, a total of 8 mice were intraperitoneally injected with normal saline (Control). In the lipopolysaccharide (LPS) group, a total of 32 mice were injected with a single dose of LPS (20 mg/kg; Sigma-Aldrich; Merck KGaA). Mice in the LPS and Control group were intraperitoneally anesthetized with 50 mg/kg of 5% barbitone and subjected to a thoracic incision 12, 24 and 48 h after the injection. The blood samples (\~0.3 ml per mouse) were collected by heart puncture and maintained at 37°C for 30 min. After 10 min of centrifugation at 3,500 × g at 4°C, the serum was used for measurement of renal function and ELISA. Kidney tissues were collected by bilateral nephrectomy. After removing the kidney capsule and perirenal fat, the left kidney tissues were fixed in 10% neutral formalin at 4°C for 24 h for histopathology, while the right kidney tissues were segmented for gene expression analyses. Animal experimental procedures were approved by the Ethics Committee of Committee of Shanxi Dayi Hospital and conducted in accordance with Guide for the Care and Use of Laboratory Animal.

Hematoxylin and eosin staining (H&E)
------------------------------------

The kidney tissues were fixed with 10% neutral formalin for \<24 h and then washed with PBS. Mice kidneys were dehydrated with a series of graded ethanol and then embedded in paraffin and sliced into 3-*μ*m-thick sections for H&E. The paraffin-embedded sections were stained with hematoxylin and eosin for 5 min at room temperature (Beijing Solarbio Science & Technology Co., Ltd.) and visualized under a light microscope (Leica Microsystems GmbH).

Biochemical index detection
---------------------------

The collected serum was analyzed on the Roche molecular P800 autobiochemical analyzer (Roche Diagnostics GmbH). Blood urea nitrogen (BUN) levels were determined using Urease GLDH method, according to Urea Nitrogen Assay kits (Ningbo Purebio Biotechnology Co., Ltd.) and the levels of serum creatinine (Cr) were assayed following the protocol of the Creatinine Detection kits (Whitman Biotechnology Co., Ltd.).

Cell culture and treatment
--------------------------

The renal tubular epithelial HK-2 cells (American Type Culture Collection) were cultured in 5% CO~2~ at 37°C in a humidified incubator with Dulbecco\'s modified Eagle\'s medium (HyClone/Pierce; Thermo Fisher Scientific, Inc.), which was supplemented with 10% fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) and 1% ampicillin. The culture medium was refreshed every 2 days until cell confluence reached 70-80%. Then, the cells were resuspended by digestion with 0.25% trypsin/EDTA. The cells were exposed to LPS (Sigma-Aldrich; Merck KGaA) in concentrations of 0, 0.1, 1, 10 and 100 *μ*g/ml. A total of 24 h after LPS exposure, changes in cell viability and inflammation-associated factor levels were assessed to determine appropriate LPS concentration.

Cell transfection
-----------------

In order to investigate the effects of CD39 on the LPS-induced injury in HK-2 cells, the full-length mouse CD39 in pcDNA3.1 overexpression vector, empty pcDNA3.1 vector (Mock), small interfering RNA of CD39 (siCD39; 5′-GCG ATT GTC AGT GAA ACT T-3′) and small interfering-negative control RNA (siNC; 5′-CCT ATC TGG TCA ACA CGT ATT-3′) were obtained by GenePharma (Shanghai GenePharma Co., Ltd). A total of \~4×10^5^ HK-2 cells were incubated in each well of 6-well plates with complete medium until the cells reached 70% confluence. Cell transfection with 50 nmol/l vector was conducted according to the manufacturer\'s protocol for Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). The transfected cells were subjected to 10 *μ*g/ml LPS (Sigma-Aldrich; Merck KGaA) treatment for subsequent experiments. The activity was measured 24 h after the transfection experiment.

Measurement of cell viability
-----------------------------

The cell viability was investigated using Cell Counting Kit-8 (CCK-8; Beyotime Institute of Biotechnology) according to the manufacturer\'s protocol. All types of transfected cells treated with or without LPS exposure were cultured in 96-well plates (4×10^3^ cells/well). Then, 10 *μ*l CCK-8 solution was added to each well and the absorbance was determined using a microplate reader (Bio-Rad Laboratories, Inc.) at a wavelength of 450 nm.

ELISA
-----

The levels of IL-1β, IL-18, IL-6 and TNF-α in blood serum and HK-2 cell supernatant were determined using commercially available ELISA kits (cat. nos. H002, H007, H015 and H052; Nanjing Jiancheng Bioengineering Institute). HK-2 cell culture supernatant was collected by a 5-min centrifugation at 10,000 × g at 4°C. In all cases, the ELISA was performed according to the manufacturer\'s protocols. In brief, the ELISA plates were coated with capture antibodies (100 *μ*l/well). The serum or supernatant (serum/supernatant: 1:4) was incubated in the ELISA plate supplemented with the prepared standard liquid. The horseradish peroxidase-labeled antibodies were added into each well and maintained at 37°C for 1 h. After the reaction was terminated by phosphoric acid, optical density was determined by a microplate reader at 450 nm (Biotek, Synergy HT).

Cell apoptosis
--------------

For apoptosis analysis, HK-2 cells from each experimental group were stained with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) using Annexin-V-FITC cell apoptosis assay kit (Sigma-Aldrich; Merck KGaA) in the dark at 25°C for 15 min. Then, apoptosis rate was analyzed under the FACSCalibur flow cytometer (BD Biosciences) equipped with Cell Quest software (version 3.3, BD Biosciences). The proportions of early and late apoptotic cells were counted and compared.

Analysis of reactive oxygen species (ROS)
-----------------------------------------

After 24 h of exposure to LPS, the ROS levels of each type of transfected HK-2 cells was assessed by the 2′,7′-dichlorofluorescein diace-tate (DCFDA) Cellular Reactive Oxygen Species Detection Assay kit (Abcam). In brief, DCFDA was dissolved in PBS at a final concentration of 20 *μ*l/ml. The cells were cultured with DCFDA solution for 30 min at 37°C. After being washed with PBS, the levels of ROS were analyzed by flow cytometry (BD Biosciences).

RNA extraction and real time-quantitative PCR (RT-qPCR)
-------------------------------------------------------

Total RNA was extracted from the collected kidney tissues and transfected HK-2 cells using a high-purity total RNA Rapid Extraction kit (BioTeke Corporation). The isolated RNAs (1 *μ*g) were mixed with nuclease-free water for cDNA synthesis using a Script cDNA Synthesis kit (Bio-Rad Laboratories, Inc.) at 37°C for 15 min and at 85°C for 5 sec. RT-qPCR was performed using LightCycler technology (Roche Diagnostics GmbH) with FastStart DNA MasterPLUS SYBR-Green I (Roche Diagnostics GmbH) detection. The qPCR reaction volume was 20 *μ*l and contained template cDNA, 250 nM of each primer, and 4 *μ*l of 5X SYBR-Green Master Mix. The PCR was performed by 50 cycles at 95°C for 10 sec, at 95°C for 10 sec, at 60°C for 20 sec and at 72°C for 30 sec. Relative gene expression was normalized to GAPDH and calculated using the 2^-ΔΔCq^ method ([@b21-ijmm-44-05-1707]). All primers are listed in [Table I](#tI-ijmm-44-05-1707){ref-type="table"}.

Western blot assay
------------------

Following treatment, the protein expression in kidney tissues and HK-2 cells was detected by a western blot assay. Total protein was isolated using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology), following the protocols of the manufacturer. Protein concentrations were quantified using a bicinchoninic protein assay kit (Beyotime Institute of Biotechnology). The lysates (20 *μ*g/lane) were separated on 10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvi-nylidene fluoride membranes. Blots were blocked with non-fat milk (5%) at room temperature for 2 h and then incubated with various primary antibodies at 4°C overnight. The membranes were then washed and cultured with secondary antibodies (1:2,000; cat. nos. ab205718 and ab205719; Abcam) for 2 h at room temperature. The blots were detected using enhanced chemiluminescence-plus reagents (GE Healthcare Life Sciences). The relative proteins were normalized to GAPDH. The primary antibodies used in this paper were NLRP3 (1:100; cat. no. ab214185; Abcam), cleaved Caspase-1 (1:1,000; cat. no. ab10836; Abcam) and CD39 (1:1,000; cat. no. ab108248; Abcam).

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, Inc.). Data were expressed as mean ± standard error of mean. A Student\'s t-test was used for analyzing the difference between two groups. One-way analysis of variance followed by Dunnett\'s t-test was used to calculate the statistical significance between multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Injection of LPS induces kidney function and pathological changes in mice
-------------------------------------------------------------------------

To determine kidney function and pathological changes after LPS exposure, kidney tissue sections were subjected to H&E staining ([Fig. 1A](#f1-ijmm-44-05-1707){ref-type="fig"}). In the control group, the kidney tissues had clear structures without degeneration, atrophy, swelling or necrosis of the renal tubular epithelial cells or inflammatory infiltration. In the LPS group, the kidney tissues showed obvious kidney injury at 12 h. A total of 24 h after LPS administration, kidney pathological changes were more significant and were characterized by vacuolar degeneration, luminal narrowing, loss of the brush border, tubule dilation and infiltration of interstitial inflammatory cells. After 48 h, the histopathology of the kidney was improved, however, inflammatory cell infiltration was still observed in the renal interstitium. In addition, as shown in [Fig. 1B](#f1-ijmm-44-05-1707){ref-type="fig"} and C, the Cr and BUN levels in mice were significantly increased within 24 h after LPS administration (P\<0.01), while both Cr and BUN levels decreased at 48 h, indicating that the levels of Cr and BUN were positively correlated with kidney pathological severity.

Moreover, the levels of IL-1β, IL-18, IL-6 and TNF-α peaked at 12 h and then reduced gradually as the time of LPS administration increased ([Fig. 1D](#f1-ijmm-44-05-1707){ref-type="fig"}-G). However, the levels of these inflammatory cytokines were still much increased compared with the control group. The expression of CD39, inflammasome NLRP3 and cleaved caspase-1 were also measured by RT-qPCR and western blotting. As presented in [Fig. 2A](#f2-ijmm-44-05-1707){ref-type="fig"}, C and D, both NLRP3 mRNA and protein levels increased significantly at 24 h after LPS injection (P\<0.01) but reduced at 48 h. The expression of CD39 peaked at 12 h and then continuously reduced at 24 and 48 h ([Fig. 2B](#f2-ijmm-44-05-1707){ref-type="fig"}, C and F). The changes in protein level of cleaved caspase-1 were consistent with the expression of CD39 ([Fig. 2C](#f2-ijmm-44-05-1707){ref-type="fig"} and E). Taken together, the kidney injury and inflammation were the most serious at 48 h of LPS administration.

Concentration of LPS shows a positive association with the expression of inflammatory mediators in HK-2 cells
-------------------------------------------------------------------------------------------------------------

To determine an optimal LPS concentration for subsequent experiment, HK-2 cells were treated with a series of concentrations (0, 0.1, 1, 10 and 100 *μ*g/ml) of LPS. As shown in [Fig. 3A](#f3-ijmm-44-05-1707){ref-type="fig"}, the HK-2 cell viability was gradually decreased as the concentration of LPS increased and reduced significantly when the cells were treated with 10 *μ*g/ml LPS (P\<0.01). As listed in [Fig. 3B](#f3-ijmm-44-05-1707){ref-type="fig"}-E, the inflammatory cytokines (IL-1β, IL-18, IL-6 and TNF-α) showed a positive association with the concentration of LPS. The treatment of LPS (1 *μ*g/ml) was enough to cause a significant inflammation in HK-2 cells (P\<0.01). Furthermore, the expression of NLRP3 and cleaved caspase-1 was increased under the treatment of 10 *μ*g/ml LPS ([Fig. 3F](#f3-ijmm-44-05-1707){ref-type="fig"} and H-J). Meanwhile, the concentration of 0.01 *μ*g/ml LPS slightly affected the expression of CD39. However, 1 *μ*g/ml LPS could induce an increase of the CD39 expression levels and both its mRNA and protein levels, which then decreased as the concentrations of LPS increased ([Fig. 3G](#f3-ijmm-44-05-1707){ref-type="fig"}, H and K). Together, the concentration of LPS was positively correlated with the level of inflammation, while the expression of CD39 increased slightly under a low concentration of LPS but gradually decreased as the LPS concentration increased.

Overexpression of CD39 could mitigate LPS-induced inflam- mation and apoptosis in HK-2 cells
--------------------------------------------------------------------------------------------

In order to study the functional effects of CD39 on the LPS-induced inflammation and apoptosis in HK-2 cells, the CD39 overexpression vector was constructed and transfected into HK-2 cells. As [Fig. 4A](#f4-ijmm-44-05-1707){ref-type="fig"} shows, the CD39 vector was expressed stably in HK-2 cells. The CCK-8 assay showed that the cell viability in LPS + Mock group was significantly reduced in comparison with the Mock group, while the transfection of CD39 could enhance the HK-2 cell viability (P\<0.01; [Fig. 4B](#f4-ijmm-44-05-1707){ref-type="fig"}). In addition, the treatment of LPS could induce strong inflammation, as the levels of IL-1β, IL-18, IL-6 and TNF-α were significantly increased in the LPS group, however, increasing CD39 expression could effectively inhibit the levels of these inflammatory cytokines (P\<0.01; [Fig. 4C-F](#f4-ijmm-44-05-1707){ref-type="fig"}). The apoptosis and ROS level was also measured by flow cytometry. As shown in [Fig. 4G and H](#f4-ijmm-44-05-1707){ref-type="fig"}, the apoptosis rate and ROS level significantly increased following LPS administration (P\<0.01), while transfection of CD39 had the ability to decrease the apoptosis rate and ROS level. Therefore, the results of the present study indicated that elevated CD39 may contribute to the mitigation of the LPS-induced injury, inflammation and ROS accumulation in HK-2 cells.

Overexpressed CD39 could inhibit the activation of the inflammasome in HK-2 cells
---------------------------------------------------------------------------------

As mentioned earlier, the overexpression of CD39 could significantly inhibit the LPS-induced inflammation in HK-2 cells. After transfection of CD39, the expression of NLRP3, which works as an inflammasome and whose activation serves an essential role in increasing inflammatory cytokines, was measured. As indicated in [Fig. 5A](#f5-ijmm-44-05-1707){ref-type="fig"}, the expression of NLRP3 was increased under LPS administration, while the transfection of CD39 overexpression could significantly inhibit LPS-induced increased NLRP3 level. The transfection of CD39 induced a significant upregulation of CD39 mRNA, compared with LPS + Mock group (P\<0.01; [Fig. 5B](#f5-ijmm-44-05-1707){ref-type="fig"}). The changes of their protein levels are shown in [Fig. 5C](#f5-ijmm-44-05-1707){ref-type="fig"}-F. The protein levels of NLRP3 and CD39 were basically consistent with their mRNA levels. In comparison to the LPS + Mock group, the protein level of cleaved caspase-1 was significantly reduced after the transfection with CD39 overexpression (P\<0.01). Therefore, these results suggested that the inhibitory effects of CD39 overexpression on LPS-induced inflammation may rely on suppressing the activation of NLRP3.

CD39 inhibition aggravates LPS-induced inflammation and cell apoptosis in HK-2 cells
------------------------------------------------------------------------------------

In order to further verify the protective effects of CD39 on the HK-2 cells under the treatment of LPS, the siCD39 vector was transfected into HK-2 cells and the levels of inflammation and apoptosis rate were detected. [Fig. 6A](#f6-ijmm-44-05-1707){ref-type="fig"} demonstrated that the expression of CD39 was effectively inhibited by siRNA in HK-2 cells. LPS treatment could induce the reduced cell viability, while the transfection of siCD39 could further decrease cell viability, compared with the LPS + NC group (P\<0.05; [Fig. 6B](#f6-ijmm-44-05-1707){ref-type="fig"}). The levels of those inflammatory cytokines (IL-1β, IL-18, IL-6 and TNF-α) are shown in [Fig. 6C](#f6-ijmm-44-05-1707){ref-type="fig"}-F, and it was observed that the transfection of siCD39 aggravated the inflammation caused by LPS treatment. The levels of IL-1β, IL-18 and IL-6 in LPS + siCD39 group were significantly increased compared with those in LPS + NC group (P\<0.05), while the TNF-α level was increased slightly. In addition, compared with cells transfected with the NC vector, the apoptosis rate and ROS level both had a slight increase in the cells transfected with siCD39 after LPS treatment ([Fig. 6G](#f6-ijmm-44-05-1707){ref-type="fig"} and H). Collectively, the results of the present study indicated that in contrast to CD39 overexpression, the transfection of siCD39 could aggravate LPS-induced inflammation, cell apoptosis and ROS accumulation in HK-2 cells.

CD39 inhibition has a promoting effect on the activation of the inflammasome in HK-2 cells
------------------------------------------------------------------------------------------

After transfection with siCD39, the NLRP3 mRNA levels were increased again, compared with the LPS + NC group ([Fig. 7A](#f7-ijmm-44-05-1707){ref-type="fig"}). In the meantime, the transfection of siCD39 obviously decreased the expression of CD39 and further weakened the stress reaction of CD39 to LPS treatment (P\<0.01; [Fig. 7B](#f7-ijmm-44-05-1707){ref-type="fig"}). The protein levels of NLRP3 and CD39 were basically consistent with their mRNA levels, and the cleaved caspase-1 protein level had a slight upregulation under the effects of CD39 inhibition and LPS treatment ([Fig. 7C](#f7-ijmm-44-05-1707){ref-type="fig"}-F). The results of the present study suggested that the inhibition of CD39 may promote the activation of NLRP3 and subsequent inflammation in HK-2 cells.

Discussion
==========

Results obtained in this study revealed a protective role for CD39 in LPS-induced inflammation and injury in HK-2 cells. LPS stimulation could cause the activation of the inflammatory response, which is an integral part of innate immunity. However, an excessive inflammatory response can lead to severe tissue injury, acute organ failure or chronic inflammatory conditions ([@b22-ijmm-44-05-1707],[@b23-ijmm-44-05-1707]). The previous study has demonstrated that the mechanism of CD39 in macrophages regulating adaptive immunity involves the control of NLRP3 inflammasome activation ([@b24-ijmm-44-05-1707]). This study investigated changes of CD39 expression level in the murine kidney after LPS intraperitoneal injection and found that CD39 had a stressed upregulation at the beginning of LPS administration and then decreased as the inflammation severity became greater, meanwhile, the expression of NLRP3 was increased. In order to further study the potential relationship between NLRP3 and CD39, the levels of NLRP3 and inflammation-associated factors under the effects of CD39 overexpression and inhibition were detected *in vitro*. The results of the present study indicated that overexpressed CD39 could negatively regulate the activation of NLRP3 and its downstream signaling, therefore decreasing cell apoptosis and ROS accumulation in HK-2 cells.

The NLRP3 inflammasomemediated inflammatory system has been demonstrated to participate in a number of regulatory mechanisms such as the secretion of pro-inflammatory cytokines, pyroptosis, ROS accumulation and mitochondria damage and autophagy ([@b25-ijmm-44-05-1707],[@b26-ijmm-44-05-1707]). The overactive NLRP3 inflammasome was reported to be closely associated with multiple inflammatory diseases ([@b27-ijmm-44-05-1707],[@b28-ijmm-44-05-1707]) including sepsis ([@b29-ijmm-44-05-1707]). A previous study showed that upregulated CD39 during abdominal sepsis could inhibit the NLRP3 activation and diminish inflammation, ultimately improving the survival of septic mice ([@b30-ijmm-44-05-1707]). In the present study, the transfection of CD39 overexpression also could inhibit the expression and activity of NLRP3, and subsequently improve survival of HK-2 cells. In this study, it was observed that the elevated CD39 could inhibit the cell apoptosis and ROS accumulation in HK-2 cells. When cells were stimulated by extracellular medium, the damaged mitochondria released mitochondrial (mt)ROS into the cytoplasm, which then induced the activation of NLRP3, resulting in the secretion of cleaved caspase-1 and several pro-inflammatory cytokines ([@b31-ijmm-44-05-1707]). A recent study demonstrated that mtROS was upstream from NLRP3 and that the treatment with an mtROS inhibitor could effectively induce a reduction of NLRP3 expression ([@b32-ijmm-44-05-1707]). Similarly, Celastrol was reported to inhibit the activation of the NLRP3 inflammasome and ameliorate inflammation by reducing ROS production ([@b33-ijmm-44-05-1707]). Combined with these studies, the present study suggested that CD39 overexpression suppressing the expression and activity of NLRP3 may also partially rely on the inhibition of ROS accumulation.

Intracellular ATP works as the molecular unit of currency of energy transfer ([@b34-ijmm-44-05-1707]), however, cell injury could induce the secretion of ATP into the extracellular space where the extracellular ATP (eATP) acts as a \'warning signal\'. A study revealed that eATP could contribute to the activation of the P2X purinoceptor 7 and initiate inflammation ([@b35-ijmm-44-05-1707]). In 2017, Savio *et al* ([@b20-ijmm-44-05-1707]) indicated that the CD39 protein impeded the NLRP3 activation and subsequent pro-inflammatory cytokines through scavenging eATP, ultimately inhibiting systemic inflammation and contributing to liver homeostasis restoration. In general, the level of eATP was under the careful control of CD39 ([@b36-ijmm-44-05-1707]), however, the present study indicated that the functional effects of CD39 were gradually decreased as the inflammation severity increased. The downregulated CD39 may have less control over eATP level, which could cause a vicious circle as the inflammation was aggravated, therefore promoting cell injury. Moreover, a previous study demonstrated that CD39 could effectively improve survival of sepsis via decreasing systemic inflammation ([@b30-ijmm-44-05-1707]). Compared with that, the results of the present study provided more details about the underlying mechanisms of the positive effects of CD39 on protecting the kidney from LPS-induced septic organ injury. In the septic HK-2 cell injury induced by LPS, NLRP-3-related inflammatory pathway was over-activated. Additionally CD39 overexpression/inhibition could affect the NLRP3-related inflammatory pathway, cell apoptosis and cell cycle arrest in HK-2 cells. The present study revealed a high association between the anti-septic ability of CD39 and the repression of the NLRP3-related inflammatory pathway in septic AKI. Taken together, the present study indicated that overexpressed CD39 could diminish the expression and activity of NLRP3 and subsequent secretion of pro-inflammatory cytokines, however, whether the protective ability of CD39 involves the control of eATP remains to be further investigated.

In conclusion, the present study indicated that CD39 had a promoting effect on the ability of renal tubular epithelial cells to resist LPS-induced damage. The enhanced CD39 improved cell viability and apoptosis, diminished the activation of NLRP3 and mediated inflammatory system through impeding the overproduction of ROS. In addition, considering the close relationship between CD39 and eATP, the authors also speculated that the protective ability of CD39 in renal tubular epithelial cells was also mediated through the control of eATP, however, further experiments are needed to validate the hypothesis. Therefore, CD39 might be a potential therapeutic target in sepsis-induced AKI.
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![Injection of LPS induces kidney function and pathological changes in mice. In order to determine kidney function and pathological changes after LPS exposure, kidney tissue sections were subjected to H&E staining and histopathological observation. (A) After LPS treatment, the degree of kidney injury and pathological changes were observed in mice at different time points (12, 24 and 48 h). (Magnification: ×100 and ×200; Scale bar, 100 and 50 *μ*m). The levels of (B) serum Cr and (C) BUN in mice analyzed at different time points by the fully automatic biochemical analyzer. The levels of (D) IL-1β, (E) IL-18, (F) IL-6 and (G) TNF-α were assessed through the corresponding ELISA kits. Each value represents the mean ± standard error of the mean (n=3). ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. Con group. IL, interleukin; BUN, blood urea nitrogen; TNF-α, tumor necrosis factor-α; Cr, creatinine; LPS, lipopolysaccharide; H&E, hematoxylin and eosin; Con, control.](IJMM-44-05-1707-g00){#f1-ijmm-44-05-1707}
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Injection of LPS induces the expression of CD39 and inflammatory cytokines changes in the murine kidney. To study the relationship between CD39 and the inflammatory response, the expression of CD39, the NLRP3 inflammasome and cleaved caspase-1 were detected by RT-qPCR and western blotting. (A) The mRNA levels of NLRP3 were significantly increased at 24 h and reduced at 48 h after LPS injection. (B) The expression of CD39 peaked at 12 h and then continuously reduced at 24 and 48 h. (C) Western blot assay was used to assess the protein levels of NLRP3, cleaved caspase-1 and CD39. The levels of (D) NLRP3, (E) cleaved caspase-1 and (F) CD39 following treatment with different concentrations of LPS. The protein level of cleaved caspase-1 was peaked at 12 h and then continuously reduced at 24 and 48 h. Each value represents the mean ± standard error of the mean (n=3). GAPDH served as an internal control. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. Con group. RT-qPCR, reverse transcription-quantitative PCR; LPS, lipopolysaccharide; NLRP3, NLR family pyrin domain containing 3; CD, cluster of differentiation; Con, control.
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![Concentration of LPS shows a positive association with the expression of inflammatory mediators in HK-2 cells. To study the effects of LPS treatment at a series of concentrations (0, 0.1, 1, 10 and 100 *μ*g/ml) on HK-2 cells, the cell viability, inflammation-associated factors and CD39 expression were measured after LPS treatment. (A) The cell viability was examined using a Cell Counting Kit-8 assay. The levels of (B) IL-1β, (C) IL-18, (D) IL-6 and (E) TNF-α were measured under the different concentrations of LPS by corresponding ELISA kits. The mRNA levels of (F) NLRP3 and (G) CD39 were determined by RT-qPCR. (H) Western blot assay was used to assess the protein levels of (I) NLRP3, (J) cleaved caspase-1 and (K) CD39. Each value represents mean ± standard error of the mean (n=3). GAPDH served as an internal control. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. Con group. RT-qPCR, reverse transcription-quantitative PCR; NLRP3, NLR family pyrin domain containing 3; IL, interleukin; TNF-α, tumor necrosis factor-α; LPS, lipopolysaccharide; CD, cluster of differentiation; OD, optical density; Con, control.](IJMM-44-05-1707-g03){#f3-ijmm-44-05-1707}
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Overexpression of CD39 could mitigate LPS-induced inflammation and apoptosis in HK-2 cells. In order to study the functional effects of CD39 on the LPS-induced inflammation and apoptosis in HK-2 cells, the CD39 overexpression vector was constructed and transfected into HK-2 cells before LPS administration. (A) The transfection efficiency of CD39 overexpression vector was measured by RT-qPCR. (B) The effects of CD39 transfection on the HK-2 cell viability were assessed by Cell Counting Kit-8 assay under LPS administration. The effects of CD39 transfection on (C) IL-1β, (D) IL-18, (E) IL-6 and (F) TNF-α levels were detected under LPS treatment. (G) The effects of CD39 transfection on the apoptosis rate were assessed by flow cytometry. (H) The effects of CD39 transfection on the ROS level were assessed by flow cytometry. Each value represents the mean ± standard error of the mean (n=3). GAPDH served as an internal control. ^\#\#^P\<0.01 vs. Mock group; \^P\<0.05 and \^\^P\<0.01 vs. LPS + Mock group; ^&^P\<0.05 and ^&&^P\<0.01 vs. CD39 group. TNF-α, tumor necrosis factor-α; RT-qPCR, reverse transcription-quantitative PCR; IL, interleukin; LPS, lipopolysaccharide; ROS, reactive oxygen species.
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![Overexpressed CD39 could inhibit the activation of the inflammasome in HK-2 cells. To further investigate the mechanism of CD39 overexpression suppressing LPS-induced inflammation in HK-2 cells, the expression of NLRP3 and cleave caspase-1 were measured. The effects of CD39 overexpression on the mRNA levels of (A) NLRP3 and (B) CD39 were detected by RT-qPCR after LPS treatment. (C) Western blotting was used to measure the effects of CD39 overexpression on the protein levels of (D) NLRP3, (E) cleaved caspase-1 and (F) CD39 after LPS treatment. Each value represents the mean ± standard error of the mean (n=3). GAPDH served as an internal control. ^\#\#^P\<0.01 vs. Mock group; \^P\<0.05 and \^\^P\<0.01 vs. LPS + Mock group; ^&^P\<0.05 and ^&&^P\<0.01 vs. CD39 group. NLRP3, NLR family pyrin domain containing 3; CD, cluster of differentiation; RT-q, reverse transcription-quantitative; LPS, lipopolysaccharide.](IJMM-44-05-1707-g06){#f5-ijmm-44-05-1707}

###### 

Transfection of siCD39 aggravates LPS-induced inflammation and cell apoptosis in HK-2 cells. The siCD39 vector was transfected into HK-2 cells and then, the levels of inflammation and apoptosis rate were determined. (A) The transfection efficiency of the siCD39 vector was assessed by RT-qPCR. (B) The effects of siCD39 transfection on the HK-2 cell viability were assessed by Cell Counting Kit-8 assay after the LPS treatment. The effects of siCD39 on the levels of inflammatory cytokines (C) IL-1β, (D) IL-18, (E) IL-6 and (F) TNF-α were detected by the corresponding ELISA kits. (G) The effects of CD39 inhibition on the apoptosis rate were assessed by flow cytometry. (H) The effects of CD39 inhibition on the ROS level were assessed by flow cytometry. Each value represents the mean ± standard error of the mean (n=3). GAPDH served as an internal control. ^\#^P\<0.05 and ^\#\#^P\<0.01 vs. NC group; \^P\<0.05 vs. LPS + NC group; ^&^P\<0.05 and ^&&^P\<0.01 vs. siCD39 group. ROS, reactive oxygen species; CD39 siRNA, cluster of differentiation small interfering RNA; IL, interleukin; TNF-α, tumor necrosis factor-α; RT-qPCR, reverse transcription-quantitative PCR; LPS, lipopolysaccharide; NC, negative control; CD, cluster of differentiation.

![](IJMM-44-05-1707-g07)

![](IJMM-44-05-1707-g08)

![CD39 inhibition has a promoting effect on the activation of the inflammasome in HK-2 cells. In order to further verify the protective effects of CD39 on the HK-2 cells under treatment of LPS, the siCD39 vector was transfected into HK-2 cells, then the expression of NLRP3 and cleaved caspase-1 were determined. The effects of CD39 inhibition on the mRNA levels of (A) NLRP3 and (B) CD39 were detected by RT-qPCR after LPS treatment. (C) Western blotting and the quantification of the effects of siCD39 on the protein levels of (D) NLRP3, (E) cleaved caspase-1 and (F) CD39 after LPS treatment. Each value represents the mean ± standard error of the mean (n=3). GAPDH served as an internal control. ^\#^P\<0.05, ^\#\#^P\<0.01 vs. NC group; \^P\<0.05 and \^\^P\<0.01 vs. LPS + NC group; ^&&^P\<0.01 vs. siCD39 group. NLRP3, NLR family pyrin domain containing 3; LPS, lipopolysaccharide; CD, cluster of differentiation; si, small interfering; RT-qPCR, reverse transcription-quantitative PCR.](IJMM-44-05-1707-g09){#f7-ijmm-44-05-1707}

###### 

Primers for reverse transcription-quantitative PCR.

  Gene name                                 Species                                   Primer sequences
  ----------------------------------------- ----------------------------------------- -----------------------------------------
  NLRP3                                     Mouse                                     Forward: 5′-AGCTTCAGGTGTTGGAATTAGACA-3′
  Reverse: 5′-GCAGCAAACTGGAAAGGAAG-3′                                                 
  Human                                     Forward: 5′-CTTCTCTGATGAGGCCCAAG-3′       
  Reverse: 5′-CGCCACAAAGATGGTCAC-3′                                                   
  CD39                                      Mouse                                     Forward: 5′-AGCTGCCCCTTATGGAAGAT-3′
  Reverse: 5′-TCAGTCCCACAGCAATCAAA-3′                                                 
  Human                                     Forward: 5′-AGCAGCTGAAATATGCTGGC-3′       
  Reverse: 5′-GAGACAGTATCTGCCGAAGTCC-3′                                               
  GAPDH                                     Mouse                                     Forward: 5′-GAACATCATCCCTGCATCCA-3′
  Reverse: 5′-CCAGTGAGCTTCCCGTTCA-3′                                                  
  Human                                     Forward: 5′-CGGAGTCAACGGATTTGGTCGTAT-3′   
  Reverse: 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′                                             

CD, cluster of differentiation; NLRP3, NLR family pyrin domain containing 3.
